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ABSTRACT

Suitably arranged low pressure spark discharges are followed by an ex-

pansion of the ion cloud which offers a clue to the mechanisms in the spark

discharge. The expansion is accompanied by many peculiar and complex phe-

nomena of which a partial understanding has been reached. The expansion is

violent ad is generally preceded in t'-e surrounding gas by a very strong

shock wave which frequently exhibits an intense luminosity that is largely

intrinsic. During the expanaion the eservior o. inerna.. energy in the ion

cloud maintains the ionization and is converted into radiation over an ex-

tended time interval according to the processes present in a stellar atmos-

phere, thus prolonging the discharge well beyond the interval which electric

circuit calculations of current decay would indicate. It ,so certain that

a complete understanding of the spark discharge will not be achieved until

the auxiliary mechanical or acoustical effects have been taken into account.
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CHAPTER I

HISTORICAL INTRODUCTION

Many studies of low pressure spark discharges have been made for an equally

diverse number of reasons. The transient state of the discharge has long been

recognized as an interval in which nature reveals the character of her processes

more completely than at any other time. In 1835 Wheatstone determined with a

rotating mirror and an induction coil that the luminosity in the spark moved

as a front down the tube, traveling with a speed of upwards of 8 x 107 cm/sec.

Von Zahn (1) could detect no Doppler shift in these fronts and concluded that

there was no mass motion of the gas. J. J. Thomson (2) devised an in.enious

rotating mirror method for measuring the time interval of passage of the

luminosity between two points of the discharge tube, finding thus that it

moved with 6ne-third the speed of light and was independent of the nature of'

the gas and of the electrodes.

Beams (3) made improvements in the rotating mirror technique and demon-

strated that the luminous fronts did indeed have velocities of the order ob-

served by Thomson. He found that the fronts traveled from the free potential

electrode to ground, regardless of the sign of the charge on the free electrode.

He found that this speed was also independent of polarity, increased with de-

c-asing pressure, and increased somewhat with increasing potent ial difference.

.It er Lng the composition of the tube wall made a definite change in the velocity.

Further experiments (4) with a cathode ray oscillograph showed that some sort of

electrical disturbance was indeed propagated through the tube with speeds nearly

identical with those of the luminous fronts. No evidence was obtained that the

luminosity wave was co-spatial with the potential wave. A reflected wave was

observed which traveled at higher speed than the initial wave, probably because

of the ionized gas through which it was returning.
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Investigations of the mechanisms for the initiation of spark discharges

have been reviewed recently by Loeb (5). It has been found that the Townsend

theory of the initiation of the discharge is not adequate at high pressures.

It is proposed that the photoionization of the gas produced in the vicinity

of the discharge instigating electron is a primary process in the development

!of a streamer of ionization which quickly connects cathode to anode, and this is

regarded as the mechanism of the disturbances observed by the workers cited

above. The Townsend process requires about 10- 5 seconds for initiation. The

photo-ionization process requires several orders of magnitude less time, operat-

ing as it does by the agency of electromagnetic radiation.

A new avenue of approach was opened when Rayleigh (6) observed that the

luminosity during a low pressure spark was not confined to the path directly

joining the electrodes as in the glow discharge, but invaded branch paths re-

gardless of the electrical character of-their termini. This escape of luminosity

from the electrodeless discharge was a well-known effect to workers with that

discharge, but had always been set down to leakage currents down grounded paths

of the vacuum circuit. Smear photographs taken with a rotating mirror, used by

Rayleigh as a wave speed camera, showed that the velocity of advance of the

escaping luminosity was small compared with the velocities measured by the

investigators of spark streamers. Assuming that the excitation acts preceding

radiation of the luminosity had been accomplished completely in the discharge

path proper and then ejected as excited but unioniz3d systems in a livid mass

into the side tube by the large pressures created by the discharge, Rayleigh

concluded that the relaxation lifetime of excited states was anomalously long.

An estimate ol tLis lifetime for hydrogen placed it at 10- 5 seconds.

This value being incompatible with the well-known lifetimes of excited

states, Zanstra (7) suggested that the luminosity wa the result of recombi-

nation among the ejected ions,
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Lee and Fowler (8), however, using an electrodeless discharge appara-

tus essentially similar to that of Rayleigh, showed that what had appeared

to be an ejected tongue of luminous gas in the Rayleigh experiments was in

reality a succession of unresolved luminous fronts, resulting from oscilla-

tory capacitor discharge, and moving down the branch tube. This rendered

* the hypothesis of Zanstra insufficient, since the luminosity, if created in

the main discharge and expelled from it, should be a monotonically decreas-

ing function of both time and position along the side tube. Fronts of

luminosity in the side tube indicate excitation processes which continue

without the aid of the electric fields in thp main discharge.

Lee and Fowler also showed that thr froefhts will pass through charged

or grounded grids, and between charged plates, without apparent alteration.

Presence of a magnetic field at right angles to the direction of motion of

the front deflected a charge to the plates even though they were initially

uncharged. It was concluded that the fronts had a plasma composition, and that

the ions in the front were in motion in the direction of propagation of the

front. This deviation from the conclusions of Von Zahn indicates a definite

difference between the phenomena.

Goldstein and Fowler (9 ) produced fronts of the same character as those

above by discharging a 12Afd condenser abruptly through a straight discharge

tube 15 cm long having electrodes in either end and a side arm in the middle.

It was found that the fronts could be produced in any kind of gas, and that

the velocity of propagation was intimately related to the molecular weight

of the gas, being greatest in hydrogen, least in argon. Gases tested were

hydrogen, helium, nitrogen, neon, and argon. The velocity of propagation,

although determined only roughly, was found to lie slightly above the acousti-

cal range and to increase with decreasing pressure and with increasing po-

tential. These results led to the conclusion that the faztor governing the

velocity of the front was energy per unit mass of gae .1n the discharge,



When a constriction was placed in the side arm of the discharge tube,

a reflected front was observed which traveled with a velocity greater than

that of the incident front. This fact was interpreted to mean that the

increased temperature of the gas in the tube after the passage of the inci-

dent front was the cause of the increased speed. Coupled with the electri-

cally neutral character of the front, the order of magnitude of its velocity,

and the effects of molecular weight on velocity, it was hypothesized tentatively

that the luminous front was an acoustical pulse wave of great energy.

Clotfelter and Fowler (9 ) used improved apparatus to establish discharge

dependences. Hydrogen was used exclusively. Accuracy of measurement of

velocity was still unsatisfactory but the previously observed dependences on

pressure and condenser potential were confirmed. The luminous fronts were

introduced into tubes of various diameters and it was found that the distance

of maximum advance of the front increased with pressure and tube diameter.

Spectroscopic examinations of the discharge were made which hinted at

a considerable broadening of the Balmer lines, and showed the Balmer series

to break off at Ho and an intense continuum to exist beyond this point,

terminating at around 3200 A0 . This continuum raised once again the possi-

bility of extensive recombination which had been largely abandoned when

the lumincsity was resolved into fronts rather than jets in the experiments

of Lee and Fowler.

The luminosity emitted by gas discharges has also been the subject of

a considerable spectroscopic study. The spectrum of hydrogen, with which we

were in particular concerned initially, has been studied in many ways. Hy-

drogen emits both atomic and molecular spectra when suitably excited. Both

atom and molecule have continuous and line spectra. Finkelnberg (io) inves-

tigated the transition from the sharp and discrete Balmer line spectrum to an

atomic continuum in which all the lines had been obliterated by the random
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electric fields of the ion cloud (Stark effect). He produced this transition

in two discharges of apparently different characteristics, although, by the

principle of similarity they may be more alike than at first appears. In the

one case he used a 30,000 volt condensed discharge through a 1 mm spark gap

immersed in hydrogen of up to 30 atmospheres pressure. In the other he used

a 6,000 volt condensed discharge through a large diameter tube at 1 mm

pressure. The observed half-widths of the lires of the Balmer series and the

pressures of obliteration of the various lines both led to a calculation of

local field intensities in good agreement with the work of Von ra' "

berg(l1) on Stark broadening.

The effects observed by Finkelnberg are integrated properties of the

discharge both with respect to time and position, and so give little indica-

tion of the excitation and radiation me' hanisms.

Craggs and Hopwooe (12) utilized the Holtsmark ;heory of Stark broadening in a

fashion similar to Finkelnberg in their study of the expansion of iniLLi spar-c

streamers into full fledged arc columns during the course of a spark discharge.

They pointed out that the contours of the broadened lines are just what would

be expected of Stark broadening, and cited reasons for believing that the

luminosity produced during the spark must be largely contributed by electronic

recombination. We have observed these peculiar line contours in our discharges

and arrived at the same conclusion: that they constitute the strongest evidence

for interpreting the broadening as Stark broadening.

Since the inception of this project Olsen and Huxford (13) have reported

their measurements of ion concentrations in photoflash tubes under conditions

-vhich parallel our work to a considerable degree. On the assumption that the

Holtsmark theory of Stark broadening applies to their apparatus without modi-

fication, they have found that the ion concentration in a tube rises and falls

in time with a rather large time lag with respect to the rise and fall of
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current. They have also found that the continum is in large measure attri-

butable to bremsstrahlung processes rather than recombination.

Statement of the Problem

The entire phenomenon described in the historical introduction seemed

anomalous with respect to theories of electrical discharges. The duration of

the expanding luminosity was too great to be explained as atomic relaxation.

The space distribution of the luminosity was-often improper to be -explained

as a recombination of ions produced during the discharge. Accordingly, re-

search was begun to describe the properties and identify the causes of this

phenomenon which we have chosen to term the Rayleigh phenomenon. Specifically

we proposed to discover (1) the mechanics of the expansion, (2) the steps of

energy transfer which lead to the production of excited atomic systems, and

(3) the nature of these systems.



CHAPTER II

INSTRUMENTATION

1. Wave speed camera.

A six-inch concave rotatable mirror of one meter focal length has been

constructed as a high precision wave speed camera for the study of self

luminous wave phenomena. Reduction of optical aberrations to a minimum has

been accomplished by using a mirror of astronomical quality under conditions

which closely approach the paraxial ray approximation. Use of a large object

distance (7.6 meters) resulted in increased photographic speed and also ex-

tended the usable range of velocities to higher values than could previously

be measured with accuracy. An aberration-free focal area about 4 cm wide

and centered about the optic axis was available as the mirror image swept

across the film. To register pictures entirely in this area, a triggering

device was constructed to initiate the spark discharge. A source of infra-

red light was directed off the mirror onto a photocell at the epoch appro-_

priate to produce registration of the subsequently created luminous wave.

The pulse created by a transit of the infra-red lamp reflection across the

photocell face was amplified and delivered to a thyratron in the switching

circuit. There was a delay of about lOOOkJsecs between trip and registry in

the particular switching circuit used, caused by the inertia of the mechanical

switch used to initiate the discharge. Circuits for this equipment are given

in Figure 1. The operating and constructional characteristics of the mirror

are given in Table 1.

The clarity of picture obtained with this wave speed camera made it

possible to recognize features of the expansion of luminous gases which had

hitherto remained unobserved.

2. Energy storage and the discharge circuit.

Energies of the order of 10 Joules at powers of the order of a megawatt
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Table 1

Mirror Characteristics

Mirror diameter 6"

Focal length 1 meter

Rotation designed for 60 rps,
used hitherto at 30 rps

Registration error (mean) .5 cm from axis

Linear sweep speed 1 cm/23.3 .A sec.

.004

.2 .1 .001

925 6C4 6C4 6AK5 6C4

.0005 .01

I LI

0 to lOOOv
Adjustable
D.C. Supply

.025 Relay

Fig. 1. Mrror synchronized relay circuit for controlling discharge.
Capacitances are in microfarads. Resistances are in megohms.
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are needed to produce the Rayleigh phenomenon. We have found pyranol-filled

capacitors reasonably reliable for this work. When used singly or in parallel

they have given long service, with lifetimes in excess of 1o5 discharges.

When used in series they have invariably failed because of an apparent ten-

dency of one capacitor to charge the other to excessive potentials. We have

worked with capacitors ranging from 1 to 50 microfarads, charged to potentials

ranging from 1000 to 10,000 volts.

*The abrupt discharge of these capacitors is frequently accompanied by an

intense transient oscillation decaying to zero from the full capacitor poten-

tial in about 30 cycles, at a frequency of 30 to 100 megacycles depending on

the particular capacitor. This oscillation was unaffected by external circuit

constants, and we believe that it must have been a loaded line oscillation of

the capacitor foils. To prevent it from entering into the discharge under in-

vestigation we introduced a filter into the discharge path in our later work.

The filter consisted of the critical damping resistor divided into two portions,

with two .1 ,.fd bypass capacitors.

The apparent internal series inductances and resistances of several storage

capacitors have been checked by a study of their discharge transients. In a

similar fashion, the apparent lumped series inductances and resistances of two

particular discharge circuits have been estimated. These measurements are

given in Table 2.

Thble 2

Capacitor Constants

Capacitor - Capacitance internal internal

Inductance rasistance

(a) GE. 14F9 5.0 x 10 6 f .36 x 10-6h .035JA

(b) West. 1176638 1.0 x 10-6f .36 x 10-6h .18-fL

(c) GE. 14F63 1.0 x 1076f .32 x 10-h .2_(L
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Table 2 (continued)

Capacitor Constants

Capacitor Capacitance Internal 71ternal
Inductance resistance

(d) GE 14F59 1.0 x 10 f .57 x 10-6h .16 -

(e) GE 26F681 1.0 x 10-6f .35 x 10'6h .26_j

ff) 25-807-2-7 12.0 x 10-6 f 2.5 x 10-6h .08Jh.

Circuit Constants

Capacitor u ircui u IrcuiG
Inductance resistance

(a) Bank of 12
type (b) above 1.5 x 10-6h .10 - .15

(b) GE 14F3 1.4 x 0-(h

Damping of the discharge causes a modest reduction in the velocity of the

luminous fronts. Since the velocity of the fronts is probably governed by the

power expenditure in the discharge, this effect of increased damping is easily

understandable. On the assumption that the tube resistance is ohmic, maximum

power dissipated in the critically damped case is

- rCV
2 E 2

where r is the tube resistance, C is the-capacitance, V is the initial capacitor

potential, and L is the distributed inductance. The maximum power dissipated in

the underdamped case is
' P : r C V 2 R' ' t a n - I 2 11 -

m L

where R is the total distributed resistance of the circuit, and W is the angular

natural frequency

4L

I
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Since the power in the latter case is always more than that in the former because

for all positive real values of 9,

1 tan-i 2 \& 2

and since the equal sign applies only in the critically damped case, we reach

the conclusion that the flow velocities u are related by

Umax, critical \\Umax, underdamped

In operation it has been found desirable to damp the discharge critically

using a noninductively wotnd section of manganin wire. The actual resistances

used have been determined by experiment, but agree reasonably well with theory,

despite the non-linear behavior of the gas tube which occupies the chief place

in the circuit.

Critical damping

Theoretical. Experimental

.7011 .5r - .60L

The circuit most commonly used was the simple series circuit shown in

Fig. 2. Wherever possible the leads of the circuit were run coaxially to mini-

0.25 0.25
V- - Relay Coaxial line

- 15pfd 0, -01ufd ..( .1,ufd F.... i

T T Tube

Fig. 2. Typical discharge circuit for exciting the Rayleigh Phenomenon.
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mize inductance. An aluminum wall was placed so that it divided the power cir-

cuits from the discharge tube to serve as an electrical ground for the system

and reduce the reception of stray signals at any electrical detectors used in

the tube.

3. Switching.

Our preference in devices for closing of the discharge circuit has been

metal-to-metal contact. If this contact were made in a gas, an arc could form

between the contacts before they are completely closed, and because of the

slowness with which any relay closes, probably would endure throughout the

entire discharge which normally lasts only 10 .sec. Such arcs might impress

unwanted characteristics upon the discharge under observation. Actually,

however, they were probably rarely encountered in our work. If the discharge

tube is itself carefully deionized and leakage currents paralleling it are

minimized, there should be no breakdown of the gas between the switch contacts

during closure because the distribution of the electrostatic potential difference

would give a less-than-breakdown value across the switch. Whenever the research

problem necessitates leakage paths around or through the discharge tube, vacuum

switches are the only feasible kind. We have employed both arrangements and

both types of switching with reasonable success.

An ideal switch would be capable of standing off potentials of the order

of 10 volts, extremely quick in closing (lO0-1000Asec), would close and

remain closed during the discharge, and would have contacts capable of carrying

five or ten thousand amperes. We found that in pra;tice the contacts fre-

quently reopen immediately after closure. This, we concluded, was caused by

the stationary electrode moving away under impact compression rather than by

bouncing of the moving electrode. We found that switches from which reopening

had been eliminated (by facing the contacts, by minimizing the mass of the

moving electrode, and by increasing the holding force acting on the armature)

-13-



closed without arcing up to capacitor potentials of 3000 volts, but appeared

to break down above this. Since the maximum discharge current increases

linearly with the capacitor potential, we believe th.t this critical point was

one at which the fall in potential across the contact impedance exceeded the

breakdown potential of the gas, and hence precipitated a gas discharge around

the point of contact. We have found that a hydrogen atmosphere around our

switch was beneficial in preventing oxidation during this period of arcing.

Thyratron or ignitron switching has been considered but was not used because

of the excessive current demands which would require very large tubes and probably

increase the circuit inductance to an undesirable degree.

A liquid-mercury-in-vacuum switch was constructed according to what seemed

a very promising design. A pool of mercury rolled to join two separated elec-

trode pools when the switch was tilted. A liquid air trap was built directly

over the contacts to maintain the vacuum to a high degree. After two or three

cycles the entire switch exploded, apparently from internal forces in the current-

bearing liquid mercury column.

4. Tube construction.

We have investigated in some detail the effect on the discharge of tube

construction. Composition of the tube walls, shape and size of the tube, loca-

tion, composition and spacing of the electrodes have been varied over wide

limits.

Composition of the electrodes has not been investigated to a full under-

standing, although certain facts are clear. Many of the considerations under

uhich suitable material would be chosen for such devices as Edgerton lamps or

Geissler tubes do not seem to apply here. Aluminum electrodes were used

initially because it was felt that low work function material would be desir-

able, and that in general conditions which reduced sputtering should be

favored. Two peculiarities were noted. When pure aluminum was used, the

-14-
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discharge tube would "poison"., so that after each discharge the starting poten-

tial increased until finally it became impossible to obtain a discharge. The

effect became more prominent as the purity was increased, and was ascribed to

the formation of a non-conducting layer on the aluminum, probably an oxide

layer. A second effect was observed at low pressures. Below 1 mm Hg the spec-

trum of aluminum was very prominent in the main tube when aluminum electrodes

were used. When nickel was later substituted for aluminum, the discharge was

not producible much below 1 nn pressure (in hydrogen), although it had been

operated successfully down to .2 mm with aluminum electrodes. It seems certain

that these are related facts, and that the -aluminum vapor, whose spectrum was

observed, substituted for hydrogen in the operation of the discharge at low

pressures.

The most desirable feature which good electrode materials should possess

for use in studying these low pressure spark discharges seems to be low volatility,

although there are certainly other unknown factors which govern the choice. In

a brief survey of materials in which the only criterion was whether the spectrum

of the metal could be observed, the following order was found among elements

tested, best to worst: nickel, copper, tungsten, aluminum. Nickel vapor was

almost unobservable in the discharges in which nickel was used. It is probable

that the lack of success with tungsten can be attributed to the small size of

the electrodes used (1/10 inch) and the consequently enormous current densities

at the electrode.

At constant spacing, the location of the electrodes relative to the side

arm where the fronts are observed was found to have little effect on the fronts

as long as the side arm lay between the electrodes. The velocity was slightly

less when the side arm was very near to either electrode.

Separation of the electrodes had only a slight influence on the front

behavior over a range from .7 cm to 17 cm. A. would be expected, the damping
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on the circuit increased as the separation v~s increased. The fraction of the

energy of the capacitor which was absorbed by the tube during a single oscilla-

tion increased as the tube waslengthened. At the same time, the volume of gas

over which the energyxas distributed increased. Hence, the velocity of the fronts

might be expected to pass through a maximum at some electrode separation, the

value of which should depend on initial gas pressure and tube diameter. Such a

maximum was indoed found at 9 cm separation in air, between 1 and 3 mm pressure,

in a tube with 12.5 mm inside diameter.

V The shape of the discharge tube had a small influence on the maximum

velocity of the fronts but a large influence on the character of the postfrontal

luminosity. Two principal tube styles have been examined, the "T" tube and the

"shock" tube. The "T" was an early paraphrase of the Rayleigh apparatus, where

the main discharge-was at right angles to the expansion chamber. Although most

of our investigations have been conducted with it, it is not as well adapted to

investigations which might have theoretical support as is the "shock" tube, in

which the main discharge is along a portion of the same column that the expan-

sion chamber occupies. The three styles of tubes which have been studied are

shown in Figure 3.

Rayleigh
Tube"T" TubeTube . ..

Shock Tube " LJ

Fig. 3. Various tube styles used during the course of this research.



The size and composition of the discharge tube had rather large effects

on the discharge which have not been investigated in sufficient detail to

describe here. The discharge should yield much interesting information about

the behavior of ionized gases at solid surfaces.

5. Spectrographic equipment.

Standard spectroscopic equipment was used in these investigations. A

Hilger E-1 Littrow type quartz spectrograph (f:30) was employed for high reso-

lution work, and a Leiss cornu prism spectrograph (f:16) was useful for survey

purposes.

In some situations, such as the ion concentration studies, it was convenient

to image the tube on the slit of the spectrograph, so that a point by point

record of the tube's luminosity could be obtained. In others like the radiation

law studies, the tube was placed close to the slit of the spectrograph so that

* light from a limited area of the tube (about 1 cm2 ) filled the collimater.

Photometry of the spectral lines was carried out on a Knorr-Albers microphoto-

meter.

Accurate plat calibration with a discharge of the brevity of this one

posed a problem of some difficulty. Our solution was to compare a series of

spectra taken with multiple discharges of the tube on the assumption that re-

ciprocity law failure was small, and that any intermittency effect was elimi-

nated by the intercomparison of the data. This assumption is countenanced in

some degree by Mees and by information supplied by the Eastman Company on its

materials. It was further borne out by the agreement between data taken at

different levels of intensity.

6. Vacuum systems.

Conventional vacuum technique was employed. Stopcocks were lubricated

with low vapor pressure greases such as Apiezon "M' and "N" greases and Dow-

Corning high vacuum silicone grease. In all refined experiments liquid air
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traps were used to isolate the discharge from the stococks. Despite these

precautions, the discharge invariably showed the spectrum of carbon, as well

as spectra of the wall and electrode materials.

A special dual range Macleod giuge was designed for this work. By using

two measuring capillaries of different size stacked with the smaller on top,

and making two fiducial marks, one at the top of the small capillary, and one

at or near the top of the large capillary, it was possible to have a dual

range gauge in which the ranges overlapped enough for precision measurement on

all scales° A correction Gn the large capillary scale was needed for the unused

volume above the lower fiducial mark. The gauge measures pressures from 10-5 to

20 mm Hg, nd has the added advantage that it is often possible to detect the

presence of condensible vapors by comparing the readings on the two scales.

Hydrogen gas was purified by being admitted through palladium, and all

other gases except air were purchased as spectroscopically pure.

7. Special detectors.

The many phenomena present in the discharge have required a variety of

detectors to gather the necessary information. In addition to the studies which

have been conducted with the wave speed camera and spectrographs, we have

studied the electrical characteristics of the discharge, the speeds of tboe

invisible shocks, the pressures of shocks, and the ion concentrations and

flow speeds. All these phenomena are necessarily of a transient nature, and

have been studied by observing suitable electrical signals with a Tektronix

514D oscilloscope.

To measure input energy to the discharge we have used a resistive po-

tential divider for voltage measurement and a calibrated resistance for current

measurement. Considerable technical difficulties had to be overcome in both

measurements to eliminate unwanted signals of inductive origin. In the current

measurement this was accomplished by using a short section (.025JI) of 1/4"



graphite rod, with a close-fitting coaxial brass tube as a return circuit. The

tube and rod were separated by a very thin layer of insulation. Inductive effects

were negligible up to current fluctuations of 109 amp,/sec.

To measure shock seeds a number of devices were tested and abandoned in

favor of a magnetic microphone. Glow discharges (15) were found to be sensitive

to several characteristics of the discharge beside the pressure changes, and their

patterns could not be interpreted adequately. Photoelectric cells responded too

greatly to the light scattered from the glass of the tube. Piezo electric crystals

were strongly disturbed by inductive effects. A magnetic microphone in which the

diaphragm was made of .003" steel shim stock proved the most satisfactory. It re-

sponded to shocks well within onesec. of their arrival. Although this pickup

was so large that it could only be used as an obstacle to terminate the free travel

of the shock and reflect it, it was decided to use it to obtain as much information

as it would give.

8. Special electronic devices.

A difference amplifier has been designed and constructed which has proven

to have excellent fidelity from 10 to well above 106 cps. The lower limit could

easily be extended at will. The circuit is givenin FLg. 4.

110 .loot

Fig. 4. Difference amplifier. Unlabeled capacitances in microfarads,

resistances in megohms.
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CHAPTER III

EXPERIMENTAL RESULTS

Wave speed camera studies.

The major effects observed in the wave speed camera pictures are summar-

ized well by Fig. 5. The gas in the discharge chamber is rendered strongly

luminous during the passage of the discharge current (the discharge is of the

order of lo7 times as intense as a glow discharge). It then expands rapidly

into the expansion chamber, expanding and remaining luminous even after the

current has subsided. The expansion is preceded by a shock wave in the expan-

sion chamber gas which may be self luminous. The shock reflects if obstacles

are present in the expansion chamber, and when returning back up the expansion

chamber eventually encounters the oncoming luminous gas which has been flowing

out of the discharge chamber. The boundary between the strongly luminous ex-

panding gas from the discharge tube and the less luminous gas which it is

pushing away and which was originally in the expansion tube is properly called

a contact-surface. The shock crosses the contact-surface, reverses the direc-

tion of flow of the outflowing discharge-chamber gas, and contirues onward

through it. Both the shock and the luminous flow show marked decelerations

and accelerations while expanding outward on several occasions during the

expansion. In Fig. 5, these effects are all clearly visible. The upper end

of the discharge chamber is all that was photographed. The discharge chamber

lies wholly below the line CC'. It is brilliantly luminous during the discharge

of the capacitor between times TT'. At E the expansion commences. At S the

shock separates from the expanding gas. At D the shock and expansion show a

marked deceleration. At P the shock reflects off the piston-like obstacle

which can be seen in the photograph by its own scattered light. At I there is

an interaction with the oncoming contact-surface. The direction of gas flow in
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Figure 5. Wave speed camera photograph of gas
expansion in argon discharge. Shock world line
has been retouched for printing.
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various regions is shown by arrows. Regions where gas is at rest are shown by

zeros

Analysis of the contact surface velocities for argon, helium, hydrogen,

neon, air and nitrogen has shown that they are proportional with fair accuracy

to the square root of the initial capacitor energy per unit mass of gas in the

discharge. The relation has been tested in various discharge tubes with differ-

ent discharge circuit constants, and is in general correct, although the slope

of the curve is somewhat sensitive to the constants of each particular circuit.

A typical set of data is plotted in Fig. 6.

1.5

0

i'd
0

2600 3600

Energy/unit. mass Volts/(nm Hg)i

F~g. 6. Experimental relation between observed flow speeds and

input energy.

Two independent measurements have confirmed the velocities measured with

the wave speed camera so being true gas flow velocities, By discharging "T"

tubes so that the fronts moved along the axis of the spectrograph in both direc-

-22-



tions, toward and from the slit, it was possible to observe Doppler shifts in

the light emitted by the discharge. The Stark broadening of the hydrogen lines

made them of little use in this experiment, although at extreme velocities even

these lines showed a slight but perceptible shift. The effect was most pronounced

in the impurity elements such as carbon which do not show first order Stark effect,

but which were swept along by the current of hydrogen atoms. The observed shifts

were in order of magnitude agreement with the mirror measurements on front velo-

cities. A comparison of approximate measurements is given in Table 3.

Table 3
Doppler Effect

Estimated Comparable

Doppler Velocities Mirror Velocities

28.0 Km/sec 18.0 Km/sec
39.0 20.0

A second test of the gas flow velocities was made using the Hall effect.

When the flowing ionized gas is made to pass between floating probes in a uni-

form magnetic field, a potential difference appears across the probes which is

proportional to the flow velocity of the gas. Very good agreement has been

shown between the data from this method and that from the wave speed camera.

Comparative measurements are given in Table 4 taken in the same tube, at

the same point along the flow at which the magnetic measurements were taken.

However, the mirror used was inferior to our standard equipment, and the

measurement of the contact speed is subject to considerable unknown inaccuracy.

The Hall effect measurements are i0% accurate on an average. in any case,

the Doppler shifts and Hall effect both contribute evidence to support the

view that the moving luminosity is a true gas flow.

The effects accompanying the reflection of the shock wave depicted in

Fig. 5 were the first definite evidence which established the nature of the
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Rayleigh phenomenon as a fluid flow. Analyzed in the language of fluid mechan-

ics, the shock in the exterior gas moves through that gas until it meets the

obstruction. Then the shock condition changes from a requirement that gas ori-

ginally at rest be promptly and discontinuously accelerated, to one that gas then

Table 4

Hall Effect Measurements

Rall Velocity Mirror Velocity

8.2 li '&: 8.1 Km/sec

7.1 7.8

6.2 6.8

7.4 6.5

7.8 6.2

in motion come promptly and discontinuously to rest. Both conditions produce

changes of entropy in the exterior gas. The reflected shock on its return trip

eventually encounters the contact surface and undergoes an interactive accelera-

tion in passing from one gas to the other. Thus the observed reflection of the

contact surface before reaching the reflecting obstruction indicates that A

compression of the exterior gas has occurred to such a degree that the expand-

ing interior gas is brought to rest before reaching the obstruction. From this

premature reflection of the contact surface the existence of a primary shock

wave in the exterior gas was first inferred.

Subsequently, experiments were performed in which the primary shock and

reflected shocks were both made visible in their own emitted light under properly

chosen conditions of gas pressure, and input energy. Fig. 5 was taken under

these conditic ,s. While accurate studies of the onset of -his self luminosity

have not yet been made, a few general facts are known. The original gas

density is the most important factor governing the onset. At some value of the
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density characteristic of each kind of gas, a transition occurs from non-

luminous shocks to luminous ones. As the density is further decreased the

primary shock becomes progressively more luminous and the gas flowing behind

the contact surface becones less luminous until finally at extremely low

pressures the shock front is the only luminous manifestation of the expan-

sion. Under these latter conditions the luminosity travels up to intimate

contact with obstructions in the tube instead of reflecting before reaching

it as is typical of contact surfaces. The reflection is therefore a good test

for the nature of the front under observation. The approximate densities for

onset of the transition are given in Table 5.

Table 5

Approximate
Pressu', of
Transition

H2

He 4 mm

A 1mm

This result explains the anomalies which are present in our earlier

reports (C,,9) where we have described the expanding post-discharge luminosity

of the spark as being in some cases a ball of flame and in others more nearly

a luminous tongue or jet. The shock is ball-like in intensity distribution,

while the contact surface luminosity is tongue-like. We believe that this tran-

sition in the post-discharge disposal mechanism of surplus excitation energy may

well be a critical point for the definition of the term low pressure spark dis-

charge.

A crucial experiment was performed as a direct test of the expansion hy-

pothesis. The discharge chamber was separated from the expansion chamber ini-

tially by a parlodion £im 1000 AO thick. Different gases were placed on

opposite sides of the film. In one case hydrogen was used as the interior gas,
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with 'I) helium, (2) vacuum, and (3) a helium and hydrogen mixture all being

tried as the exterior gas. In a second case helium was used as the interior

gas, with (1) argon, (2) vacuum, and (3) an argon and helium mixture as the

exterior gas. The entire discharge tube, main chamber and expansion chamber,.

was then imaged on the slit of the Leiss spectrograph. The results were the

same in any case. No luminosity characteristic of the exterior gas was ob-

served. The luminosity from the interior gas was present at large distances

(20 cm) down the expansion tube. The spectrum of the parlodion film was

strongly excited, and the spectrum of the electrode material was clearly in

evidence.

It is certain from this experiment that the interior gas actually expands.

It is probable that the luminosity induced in the exterior gas in these experi-

ments was of a lower order of intensity than that in the interior gas, and

hence did not record. The presence of the volatilized parlodion film may have

acted as a buffer between interior and exterior gas also. The experiment is

being repeated with greatly increased precautions against hydrocarbon impurities

to simplify the interpretation.

The entire flow process promises to be an interesting tool for the study

of unusual fluid flow situations. Interactions in one-dimensional flow have

been observed which cannot be observed easily with conventional shock tubes.

Shocks have been made to overtake or collide head on with contact surfaces. As

yet, however, no certain evidence has been obtained of the existence of a rare-

faction wave in the ionized interior gas. There is no indication that it over-

takes the shock, as it should nor is there any regular appearance of a progressive

intensity reduction in time and position in the light from the region between the

electrodes, although anomalous behavior which might be related to a rarefaction

has been observed in a few cases. Three such cases were depicted in Fig. 21

of our December 31, 1951 report on this project414).
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Electrical characteristics.

Edgerton and Murphy (15), and Olsen and Huxford (16) have reported briefly on

measurements of the electrical characteristics of flash tubes somewhat similar

to ours. Two essential differences exist between their tubes and ours. The

pressures are much lower in our tubes, and the gas is permitted to expand during

the discharge. We have therefore carried out a detailed study of the currents

in and potentials across the discharge tube under a variety of conditions. The

results will only be reported in part here, because the final purpose is to use

them in conjunction with shock and flow speed studies. Curves of instantaneous

potential, current, power and resistance are given in Figs. 7, 8, 9, and 10 for

a variety of conditions.

Mechanisms of the luminosity.

Extensive spectroscopic studies of the discharge and the expansion have

been made, to cast light on the mechanisms which are responsible for the produc-

tion of radiation in the discharge and afterwards. The Stark broadening of the

Balmer series in hydrogen has been investigated in detail in T-shaped tubes and

shock-type tubes. There is no essential difference between the broadenings

characterizing expanding interior gas when it is ejected from either the T-tube

or from the shock tube. There is also no noticeable dependence upon discharge

polarity in the broadenings observed during the expansion in a shock-type tube.

Half-widths of the broadened Balmer lines H1 , Ho , H., and H. were

measured as a function of position along the expansion tube for several gas

pressures and several capacitor potentials. Each value is the average of three

to five measurements at as many levels of exposure. The over-all agreement

between half-widths measured at different exposures was quite good, the devia-

tion from the mean being 13 percent.

The half-widths $ were interpreted as a measure of ion concentration

according to the relation of Holtsmark

= 3.25 Aen2/3.
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Data computed in this fashion are given in Figs. 11 and 12. These data are

weighted averages of the resuls from all four of ihe Balmer lines. In the

application of Holtsmark's theory, estimation of the Stark coefficient A is

a critical matter. Holtsmark defined it as the separation in cm-1 per unit

field between the extreme Stark components of the line in question. He fur-

ther assumed a uniform distribution of energy between the outermost components.

As he was aware, and as Fig. 13 shows, this is not the case in actuality. Ion

concentrations calculated on these assumptions do not show very close agreement

between the results reported by different lines of the Balmer series. Consi-

derable improvement -an be made by replacing the separation between extreme

Stark components by the separation between the widest pair which is strong enough

to contribute significantly to the line intensity. In some cases, the extreme

component is so weak that it has never as yet been detected experimentally.

While this change brings the two Holtsmark assumptions into better

accord, there is still one feature of the component array which is completely

neglected by the Holtsmark theory. The odd members of the Balmer series have

a strong undeviated component which the even members lack. This results in a

sharp peaking of the Hf and H>, lines in comparison to the H and H, lines.

A microphotometer tracing which shows this effect is given in Fig. 14. This

characteristic serves as an identifying criterion for Stark broadening, but

makes the calculations of ion concentration from the odd series members too

low.

We have observed another effect which we believe also originates in the

Stark effect, which will tend, on the other hand, to make the results from the

even members too high. In the presence of extremely high fields, the Hq line

is observed to be doubled. This is not ordinary self reversal because it is

not shown by the other members of the series. It seems probable that it comes

about because of the great vacancy in the center of the array of the even
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components° Holtsmark's distribution function for random fields has a maximum

probability at a finite value of field intensity, and a zero probability of

zero field. These two causes may combine to produce the splitting of Hq in

strong random fields. The Holtsmark relation suggests another simple test for

,bark broadening. The ratios of the half-widths of the various Balmer series

members under any given condition are independent of ion concentration and

strictly porportional to the ratios of the separations of the outer Stark

components selected as discussed above. These ratios are given in Table 6.

The agreement is best between lines of similar contour. The material of which

the tube wall is composed has a considerable effect on the ion concentration

observed. Higher concentrations are present in quartz tubes than in pyrex.

This fact is inferred from the extinction of the Balmer series at lower values

of n in tha latter case, although no measurements have been made as yet on line

broadening. In pyrex, the Balmer series terminates at He, in quartz at He.

Von Traubenberg (11) has shown that the complete washing out of the upper

quantized states of an atom is a measure of the Stark fields in which the atom

is placed. This approach can be used to obtain an independent estimate of the

ion concentration, but has been neglected here in favor of the line broadening

technique.

A special treatment of the ion concentration data reveals a regularity

in the dischcrge which has not yet been explained. If the abscissas (positions

along the expansion chamber) are divided by the initial velocity of the fronts

to obtain a time, which we call a tsynthetic" time, and the ordinates are

divided by the product of gas pressure and capacitor potential, the data at

all capacitances and gas pressures can be represented on a single graph within

the experimental error. This graph is given in Fig. 16.

The total energy radiated in the broadened line can be measured by

integrating intensity over wave length. At two selected positions along the
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discharge tube, total integrated exposures and half-widths were measured simul-

taneously using the Hp line. Two methods of obtaining the integrated exposures

were used with equal success. First, after study of several representative

line contours had shown them to be of nearly Gaussian profile, the product of

the maximum exposure and half-width for each line was used as a measure of the

integrated exposure. Second, several La ;ua pi'ofileo were converted from

] iblackening to exposure, point by point, and planimetered as a check on the

first method. This second method would be the method of choice were it not for

the enormous amount of computation needed.

Table 6

Internal consistency of half-widths

Experimental
average Theoretical

Lines ratios ratios

Hr/Hp 1.3 1.8

HS/Hp 2.7 2.8

H$/H, 2.2 1.6

An investigation was next made of the relation between ion concentration

as determined above, and the total integrated intensity of the Hp line. A loga-

rithmic plct of these intensities against half-widths interpreted as concentra-

tions is given in Fig. 15.

In actual fact, the quantity measured was not intensity, but exposure.

Since the fronts at various pressures (and hence at different ion concentrations)

pass the spectrograph's field of view in different time intervals because of

their differing speeds, one might expect that a velocity correction should be

made on these exposures to give a quantity more nearly proportional to the

intensity. To make this correction the exposures should all be multiplied by



the velocities of advance of the luminosities. No correction has been made

on the data of Fig. 16. To make corrections results in a much greater scatter

of the experimental points, and introduces systematic differences between the

points obtained with different capacitors. Since the uncorrected data are

always superior in agreement to the corrected data, it seems probable that

ji these corrections should not be made. Analysis of the problem has shown,

however, that it is not possible to decide whether the correction should be

made on a basis of simple arguments like those above. Uncorrected, the slope

of the integrated exposure-ion concentration curve is 1.9, a value which we

interpret as 2, within the experimental error. A quadratic dependence of

intensity upon ionconcentration would be conclusive evidence that the pro-

duction of quantized radiation comes almost entirely through the intermediary

step of recombination. It does not follow inexorably that because the inte-

grated exposure varies as the Fq.iare of the ion concentration the integrated

intensity must also exhibit this dependence, but it is plausible, and the time

resolved intensity studies of Olsen and Huxford strongly suggest that this rela-

tion would have been found if we had measured intensities rather than exposures.

A further investigation of ion concentrations and integrated intensities

was made in the shock-type tube, confirming in every respect the results of the

T-tube at all points in the expansion chamber, but adding new information about

the post-discharge behavior in the region between the electrodes. The Stark

broadenings indicate that there is always a minimum of ion concentration lying

opposite the electrode which separates the main discharge chamber from the

expansion chamber. Whereas the position of the ion concentration maximum which

is observed in the expansion chamber is very sensitive to input energy, the

position of the minimum was invariable under the range of conditions of this

experiment, and probably is truly fixed in position for all conditions.

Two other facts were observed in the shock tube. When the direction
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of charge flow is reversed the distribution of ion concentrations and intensities

is unchanged. We deduce from this that the entire luminosity mechanism is inde-

pendent of the charge conduction processes. This is in full accord with the

belated emission of the radiation. Second, the intensity and broadening in the

discharge increases point by point as we move from the chamber-separating elec-

trode up the main chamber to the end electrode. At this point the broadening of

Hp is as great as at any place in the expansion chamber, but the intensity of

Hp in the discharge is far less than at the exterior maximum. Furthermore, the

square law intensity relation which holds throughout the expansion chamber fails

completely in this region between the electrodes. It must be emphasized that

these observations apply to the 1W line, and hence to the quantized radiation

only. The continuous radiation, which accounts for a large proportion of the

luminosity, very probably obeys different laws as the work of Olsen and Huxford

shows.

The intense continuum associated with the Balmer series deserves careful

study. A spectrum of the discharge is given in Fig. 17. The origin of this

continuum had not been definitely established at the time this project began

(the recent work of Olsen and Huxford had done much to clear up the question).

Some authors have assigned it a molecular origin, while others speak of it as

a "pressure" continuum, although the implication that it is caused by pressure

processes seems doubtful. Experiments were therefore conducted to establish

additional facts about it.

An attempt was made to detect the existence of a similar continuum in

the vicinity of the Paschen series. Inferior dispersion and the rapid fluctua-

tion of sensitivity with wavelength for Eastman Z plates made it difficult to

interpret the spectra obtained, but a continuum was definitely observed. Whether

the distribution of intensities in this continuum was similar to that of the

Balmer associated continuum is debatable. The impression given by subjective
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study of the plates and photometer tracings is that.the Balmer associated

continuum is considerably more far-flung than the Paschen continuum, extending

as it does from some point between the series members at around 5000 A to a point

well below 2000 A.

To investigate the possible molecular origin o" th6 continuum, water

vapor was substituted for hydrogen gas in the discharge. Before each discharge

the tube was carefully pumped out to remove any I"Virogen which might have formed

by dissociation duriij the previous discharge. The spectrum of the Balmer

asso c Ad continuum was identical in every detail with that obtained in pure

hydrogen. A few additional lines caused by the oxygen atoms were present in

the spectrum. The continuum cannot, therefore, be caused by molecular dis-

sociation in H2.

Contrast of the Balmer associated continuum with the molecular continuum

obtained from a glow discharge shows a considerable difference in the distribu-

tion of intensities, and calls attention to two other features of distinction:

the thousandfold disparity between the intensities of the two continua, and the

multiline spectrum which accompanies the molecular continuum but not the Balmer

associated continuum.

It seems certain that at least part of the Balmer associated continuum

is caused by recombination processes. Unless, however, the random fields of the

ions produce some sort of enhancement and Stark broadening of the continuous

levels of the atom as well as of the discrete levels, it seems probable that

another process than recombination is responsible for a large part of the con-

tinuum. Another fact which points to this conclusion is that continua are ob-

served in about this same general region 5000-3000A with all of the other gases

which have been used, argon, neon, helium, and nitrogen. Hahn and Finkelnburg,

and Olsen and Huxford have suggested that a bremsstrahlung process may be

neededet explain this.
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I
Spectrograms of the discharge in H2 at pressures less than 1 mm show

the tube wall is decomposed during the discharge. The spectra of these wall

impurities have shown that excited systems having energies 167 ev above the

ground state are present 5 cm down the expansion chamber. Silicon IV lines

were graded in intensity, the lines being most intense at the head of the

expansion chamber and becoming unobservable 5 cm down the expansion chamber.

Silicon III lines had a slight intensity gradation and were visible 8 cm down

the expansion chamber. Silicon II lines were visible throughout the entire

14-cm region investigated and had a maximum intensity 6 cm down the side tube.

The lines of Silicon I were not present at all near the head of the expansion

chamber, but were found throughout the lower 9 cm of the 14-cm region investi-

gated. The ionized forms of oxygen showed analogous behavior.

Two alternative implications of the observed intensity distribution may

be obtained. Assuming that the atoms are ionized and excited at the position

where their spectra are observed, one would conclude that the energy available

for ionization decreased with distance down the expansion chamber. On the other

hand, assuming that the atoms are all ionized in the main discharge tube and

that they then travel to the point where their spectra are observed, one would

conclude that a Si atom starts its journey as Si IV and captures electrons as

it moves down the tube, becoming successively Si III, Si II, and finally Si I.

The latter theory is incompatible with the behavior of the ion concentrations.

All indications point to this trend of the silicon excitations as an expression

of the thermal equilibrium of the hot expanding gas, in which ionization is

maintained by the electron cloud at a level compatible with the temperature.

Each successive upper level is abandoned as the gas cools, with a corresponding

increase in population of the lower levels. The increase results in an in-

creased intensity of emission of the lines of these lower states. A further

factor--that the recombination cross section decreases with electron temperature--
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reduces the intensity of lower level transitions in the hot gas. High level

transitions are made possible in spite of the high electron temperature because

the recombination cross section is proportional to the ionic charge. It is our

belief that the luminosity observed in the discharge is largely derived from

the impacts of electrons in a hot gas in thermal equilibrium, via the agency of

recombining ions.

This thermal equilibrium theory is countenanced by the Pilne-Fowler color-

temperature theories used in astrophysics. Table 7 gives the temperatures at

which various levels of excitation, in thermal equilibrium, would reach their

maximum radiated intensity. Data for this table is taken from the Handbuch der

Astrophysik.

Table 7

SiI 7000 . H 10,0000

SiIj 100000 CII 16,5000

SiIII 17,5000 OI 17,50

SiIV 25,0000 CIII 25,000

Hel 16,5000 0111 26,000

HeII 35,0000 CIV 40,OOO

The location at which the maximum of each of these stages of excitation

is observed can now be used as a rough index of temperature in the discharge.

A table (Table 8) based on this sort of estimate is given below.

Table 8

Discharge temperature distribution in H2 at

3500 V, .3 nm, T-tube

Distance
from head
of tube Temperature Gas

-1 cm 26,000 0111

-1 cm 25,000 SiIV
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Table 8 (continued)

Discharge temperature distribution in H2 at

3500 V, .3 mm, T-tube.

Distance
from head
of tube Temperature Gas

1-2 cm 17,500 SiII

3-4 cm 17,500 0I

5 cm 10,500 SiII

9-10 cm 10,000 11

12 cm 7,000 SiI

Discharge temperature distribution in H2 at

4500 V, 3 mm, shock tube.

-8 10,006 H

-7 10,500 SiI

0 26,000 0111

6 10,000 H

15 7,000 Sil

Recornition of the shock waves.

The existence of the shock, which was inferred from Fig. 5, has been con-

firmed by direct measurement of the time required before a microphone with a

light steel diaphragm is disturbed by the shock. When the diaphragm is placed

squarely across the tube so that it terminates the tube like one oi the pistons

described in the reflected luminosity experiments, it is possible to measure

the time of flight of the shock from the moment of initiation to collision with

the diaphragm. A plot of such a curve is given in Fig. 18, showing how an

acoustically measurable shock rides in front of the contact as measured by

the wave speed camera, even in a non-luminous case. There is also very good

agreement between the acoustical measurements and wave speed camera measurements

in the case of luminous shocks.
I
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Peculiar phenomena.

There is considerable evidence that vacuum ultraviolet radiation is

very intense in the exterior gas before the coming of the shock. Metallic

objects present in the exterior gas acquire potentials of several volts, and

considerable photoelectric currents can be drawn between electrodes. Further,

discrepancies exist in the ca±culations of shock speed which could be recon-

ciled by assuming a radiation preheating of the exterior gas. In no case,

however, have we found that radiation enters into the production or propa-

gation of luminosity to any major degree. Nevertheless, the trapping of

radiation (resonance radiation in particular) may serve as a means of re-

ducing the rate of emission from the gas, and hence of reducing the apparent

value of the recombination coefficient. Olsen and Huxford have indeed observed

what seemed to be abnormally low values of this coefficient under conditions

similar to ours.

Photographically, using the wave speed camera, we have observed two ex-

amples of a phenomenon which fits the description of the spinning detonations

well known to explosion chemistry. When the slit of the camera is transverse

to the main dis6harge tube, a zigzag pattern is observed as if a luminous

filament of smaller diameter than the inside diameter of the tube oscillated

back and forth across the slit. When the slit of the camera is parallel to the

tube, there is a slight periodic fluctuation of the apparent speed at which the

contact surface moves. In yet another situation, rather-large periodic fluc-

tuations of the current to the probes are observed in the Hall effect experi-

ments. These are believed to be caused by filamentary localizations of the

ion cloud, and the periodicity of the fluctuation indicates strongly that it

is caused by this same spiralling sort of flow pattern. No further investigation

of the phenomenon has been made.

The expanding gas has a luminosity structure in time and space which has

been the principal object of the research. We have successfully explained the
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nature of the luminous flow and the existence of two fronts on the leading

edge of the expansion as major phenomena. We have dismissed as trivial a

number of irregularities such as second expansions produced by capacitor

oscillations, and localizations of luminosity caused by inequalities in the

inner surface and diameter of the tubes. After these have been set aside

there remains a fluctuation phenomenon which seems to be well substantiated,

and which we do not as yet understand. It occurs primarily in the main

discharge tube, and is apparent as a repeated rekindling of the discharge

after nearly complete extinction. Nearly all the mirrorgrams show it to

some extent and since we have taken tube current and tube potential records

simultaneously, we can say with some assurance that there were no correspond-

ing fluctuations of discharge current or potential.

-e---- Shock front

15
--- Contact surface

10

lbo20
ELsped Time A"sec

Fig. 10. Shock wave world line from acoustical measurement, com-
pared with contact world line from wave speed camera measurement.
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CHAPTER IV

THEORETICAL CRITIQUE

The mechanical aspects of the project have developed into a study of

the validity of the equations of fluid dynamics under the extreme conditions

present in low pressure gas discharges. The agreement obtained between

theory and experiment is already-adequate to establish the correctness of

our theory of the expansion. In circumstances in which the shock and con-

tact surface velocities could be measured simultaneously, calculations of

the shock velocity which would be expected for a given contact velocity can

be made from the equations of fluid flow. The particular relation used is

given by Courant and Friedrichs-(17 ) . ernterior ':s is ;,e-are -A* a ' piston

following a prescribed motion, and the velocity of the shock is calculated from

the equation

U cU/2(l 24 )+ [c2 (UC/2(lp) 2]

The results are in very good general agreement, considering the crude measure-

ments which have been available until now. Table 10 gives measured shock

speeds as U?-calculated ones as U.

Table 10

Comparative thermodynamic data for spark expansions. W = capacitor energy;

-o = initial pressure; Uc - contact velocity (luminosity); Us = calculated

shock velocity; Usl = measured shock velocity; -fi = shock pressure; T, -

shock temperature!- = reflected shock pressure; T2 = reflected shock

temperature. Units used are joules, mm Hg, km/sec, 10000K.

W Uc Us Ul l T 1  T2

30 10 1.6 2.2 2.0 560 4.5 2100 10

120 0.8 4.0 5.4 5.1 280 27 1600 64
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Table 10 (continued)

W 4o Uc Us  Usl 1i TI 2 T2

10 17 1.0 1.4 .. 380 1.9 1900 4.2

120 17 2.1 2.8 2.9 ... ... as*

120 2 2.5 3.4 4.0 ... ... 0.. .

120 0.3 2.65 3.5 3.5 • .. .0..

120 3.4 1.35 1.6 2.7 ... ... ... ..

120 1.1 2.60 2.9 3.6 ... *... . see

Using the assumption that the gas through which the shock advances

is an ideal gas, computations of temperature and pressure are possible. These

computations have been made for a few cases of the oncoming shock, and for

the shock reflected from a plane obstacle. These latter figures give some

idea of the origin for the observed luminosity. It is probable that we have

to deal here almost exclusively with Saha temperature excitation processes.

There is little doubt that fluid expansion theories of the post discharge

luminosity are a proper besis for the bulk of observed phenomena.

It is possible to obtain a theory of the expanding interior gas which

fits the data of Fig. 6 reasonably well. The theory of shock tubes in which

the compression chamber is filled with a highly ionized gas does not differ

from conventional shock tube theory if electromagnetic processes are not

active in transferring energy from one portion of the flow to another. However,

since the equations of state for a partially ionized medium are not simple,

one must be satisfied with numerically obtained approximated solutions to the

problems which arise. We will discuss the problem of finding the flow velo-

city. For simplicity's sake the experimentally well-justified approximation

of instantaneous energy delivery by the capacitor will be made. The problem

-- --



then becomes that of finding us the expansion velocity for given values of

2' 2- , ando

•2 =internal energy per gram of gas in the compression
chamber immediately after the capacitor discharges.

= specific volume of gas in compression chamber imme-2 diately after the capacitor discharges.

-specific volume of gas in expansion chamber immedi-

ately after the capacitor discharges.

-a = pressure in shock tube before the capacitor discharges.

The thermodynamic behavior of the medium is approximated by the equations

below which neglect excited states and multiply ionized atoms. The gas is

here assumed to be monatomic.

S -. 5k 1 +_ C + k in(gal-g4K + k (14+) ln Tm2 T 3/2

2 m m T m h3

+k_ 1n m3/2 + k (l- 11, -- k_C in me - 2ko In o4.

m m i- m e m

e = 3/2 'P+10(.

m
Sin J- +5m lnT+Const., (Saha's equation).

S = entropy per gm,

k = Boltzman constant,

0( = fraction of atoms which are ionized (Oo(,tl),

m = mass of atom = mass of ion,

ga = statistical weight of atom,

g= statistical weight of ion,

ge = statistical weight of electron = 2,

I energy of ionization in ergs/gm,

T absolute temperature,

T specific volume,
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h = Planks constant,

me = mass of electron,

e = internal energy (ergs/gm),

f = pressure,

c -" constant of medium = in k g/ 2e3

From the four given equations one can find the four unknowns-r 2, 2,
T2 , and S2 corresponding to conditions in the compression chamber immediately

after the condenser has delivered the specified energy e2. As a result of

the pressure difference 2>fo, a shock wave moves through the gas in the

expansion chamber raising the pressure from -p top . and imparting a velocity
J0

Uls. Simultaneously a rarefaction wave moves through the gas in the compres-

sion chamber and reduces the pressure fromr2 to flir and gives it the velocity

Ulr. From the differential equations governing fluid flow one obtains

UJR 9
The entropy is kept constant in performing the integral since the expansion

does not change- from its initial value S2. The expansion will change "-

and also c, the sound velocity, however, since S is not changed, both Vand c
2

may be considered functions ofo alone for a given energy input e2, 7', and

An expression for the sound velocity may be obtained from the equations

of state by using the relation

which yields i

By the equations of state c (sf,S) can be found in tabular form at least from
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c(f,, ,)T given above; likewisec ,S) can also be Iound so that the inte-

gral across the rarefaction wave leads to a tabulation of U as a function

o for values of S2 andP 2 determined from the given e2 , -e_, and "0 .

Another tabular function giving uls in terms of tis may be obtained from the

shook conditions and the equation of state.

u/rO = (U - Uls)/s

'Pis +(U - uls) 2Zs i o u 2 /0

77 r)(To - e) 1 - e(roro)
Here U, the shock velocity, and ' the specific value behind the shock,

must be eliminated in order to obtain the table.

The two tables, one giving uls as a function of'fl s and the other

giving ulR as a function of PIR are used in conjunction with the contact

surface conditions ul = ulR = uls; i' R =?is to obtain the desired ex-

pansion velocity uI for the specified e2 , 10 and "

A somewhat less general problem which may be solved in more detail

is the one of finding the relationship of u, and e2 knowing o, ?o and im-

posing three plausible conditions on the flow that oC(= 1 behind the contact

surface, C= 0 between the shock and contact surface, andi-o ((1. The

P-pansion at constant entropy can then be approximated by expansion with

rT3/2 constant since the assumption that o(= 1 before and after expansion

means that the k term in th entropy expression does not change much during

the expansion.

Thusd

UlR~ (e

reduces to -(e 3f1/57
f2 e2")I A

Since ° ____i we have for non-ionizing shocks in a monatomc gas
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U 4/3 u1s (Eq. 69.01, Courant Friedricks)

Jis 3/4 F (Eq. 67.07, Courant Friedricks)

From )0n = au. we obtain
1 ls 'land1 U%

u, M -1 e2 .- ) L /

U.

or, letting y =

which has a solution .32 <y <.24

so that
u = .235- I7 .

If e2 is considerably greater than I, the dependence of contact flow speed

upon energy delivered to the tube is the one observed in Fig. 6. It is

probable that this theory explains the relation observed in our early work,

because in all likelihood the experimental curve is only an envelope of

limited portions of the above equation in a variety of different gases, and

the scatter of the experimental points has always been severe so that it was

extremely difficult to draw a curve.

There is reasonably good agreement between the experimental slope

of the curve in Fig. 6 and the theory above. The experimental slope of the

most probable curve would lie somewhere between .09 and .12 . The
erglgm

theoretical value is .14, based on an experimental efficiency of 50% in the

transfer of energy from the capacitor to the discharge.

Present knowledge will not yet permit us to choose between two

competitive theories for the production of luminosity, although experiments

are in progress which are expected to provide this answer soon. The first

theory is that the gas is excited to its highest temperature at the beginning

of the expansion, and that thermal equilibrium prevails from then until the
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end. The second theory is that the energy of the gas is initially stored

in a few highly excited systems which are not in thermal e(.uilibrium with

the balance of the gas, and that the subsequent course. of the expansion is

a distribution of the energy of the few particles over the many in a gen-

eral trend toward thermal equilibrium. Neither theory is completely in

harmony with the experimental evidence, nor is the theoretical basis for one

more completely acceptable than for the other.

The thermal equilibrium theory is countenanced by the experimental

behavior of the multiple stages of ionization in elemerts like silicon, oxygen

and carbon, and by the behavior of hydrogen as well. The achievement of

maximum emission of each of these stages of ionization is highly suggestive

of the Fowler-Milne theory of thermal radiation in stellar atmospheres. If

correct, the belated rise to a maximum in the intensity of each spectral type

is the be explained thus: Initially the gas is so hot that, due to electron

and radiation impacts, the atom is never in its lower stages of ionization,

and hence radiates little of these characteristic radiations. As the gas

cools, there is a characteristic temperature at which each stage of ionization

has a maximum population and a maximum radiation rate.

Statistical computations based on the non-equilibrium theory have

never been satisfactory because the irend toward equilibrium always sets in

too rapidly. Assuming that a few highly energetic ions and electrons accept

the entire energy delivered to the tube, the time in which a portion of

this energy would be spread over the entire assemblage is
1

,cdNv

where 6i is the ionization cross section, N is the number of neutral atoms

per unit volume, and v is the electron velocity. To account for the measured

power input (which largely precedes the rise of intensity of the discharge)

at a level of only 1 to 10% initial ionization would require each particle to

9-4
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carry 105 - 106 electron volts of energy. In this range 0 is known to

be - 5 x 10-19 cm2 and v is already near to the velocity of light. If

N is about 1016 particles per cc as will be present at around 3 mm pressure,

then ?is of the order of 3 x 10- 8 sec, far too short a time to account for

the delayed intensity maximum. This is in accord with the well known fact

that deviations from the Maxwell Boltzman distribution are very quickly

suppressed by collision processes.

A computation of the speed of flow which would be expected from a

given energy input fails either to give the observed dependence on the

square root of the energy input per unit mass, or to account for the observed

flow speeds within a factor of 103 when the theory that there is small

initial ionization is used.

The principal evidence in support of the non equilibrium theory

is the space and time distribution of ion concentration which we, and Olsen and

Huxford, have based on the assumed validity of the Holtsmark theory. These

cannot be explained by a monotonically decaying ion concentration, but re-

quire an increase to a maximum before decay. The integrated exposure is

also found to increase to a maximum, at very nearly the same time. If it

be assumed that it is improper to apply the Holtsmark theory in the early

stages of the expansion because the gas is too hot, then a correction factor

for the Holtsmark ion concentrations and the recombination coefficient which

governs the luminosity, must show nearly identical dependence on ion tem-

perature in order to give curves which have their maxima at the same point

in time. The coincidence seems too remarkable to be accidental.

It is our tentative conclusion that the evidence favors the correct-'

ness of relative magnitude ion concentrations as calculated by the Holtsmark

theory. The chief direct objection to using this theory is that it assumes

a distribution of the surrounding ion cloud which should be static over
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intervals of the order of the relaxation time of the atom, an assumption

which is not completely justified by the facts. It has been customary to

ignore the electron cloud which is present in the discharge plasma when

making ion concentration estimates, on the assumption that it is not static,

but rather averages to zero because of its rapid fluctuations. An estimate

of the distance that a positive ion moves during atomic relaxation shows

that it is not negligible, and hence casts doubt on the use of this theory.

In addition, failure of the Holtsmark theory would give an elegant explana-

tion of the belated rise to a maximum in time and space shown by the ion

concentration curves. To .the contrary, as woehave already noted, it seems

hardly credible that both the recombination coefficient and the Stark

broadening should depend in the same fashion upon electron and ion tempera-

ture as would then be required to explain the agreement between the total

intensity and squared ion concentration curves.

We therefore hold the view for the present that the passage of the

discharge current stores energy in the gas in the main discharge section by

imparting much energy to a few ions which then gradually share their energy

with neutral atoms so that many ions are formed having little energy. Thus,

the belated maxima arise from an ionization process which continues after

the current subsides, essentially a thermal process.

A number of theories of the expanding luminosity have definitely

been rejected in favor of the present theory. (1) The luminosity is not

propagated by reabsorption of radiation, even though we recognize that

radiation may act in several ways to produce secondary effects, i.e., the

exterior gas may be preheated by radiation; the interior gas may lose

energy more slowly because of its opacity to its own radiation; the apparent

recombination coefficients may be reduced by reabsorption excitation.

(2) The luminosity is not the result of an electron jet ejected from the
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discharge. (3) The expansion is not the result of electrostatic repul-

sions set up in the discharge. (4) The energy which propels the expan-

sion is not stored in the form of magnetic fields.
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CHAPTER V

E1 ENEERING APPLICATIONS

A number of aspects of the knowledge gained in this project have

immediate engineering application. Recognition that shock processes are

present has provided a new means of exciting strong shocks at low gas

densities, for use in the investigation of high altitude behavior of

airfoils. Shocks can be created in quick succession without the resetting

of diaphragms necessary in conventional shock tubes. Manifold shocks can

be made to pursue each other through the same gas, making-possible a study

of shock interactions. Apparent Mach numbers for shocks, referred to the

undisturbed gas have been as high as 30. There is some reason to believe

that these are only apparent numbers, since at these high flow speeds, the

accompanying radiation probably preheats the undisturbed gas, so that it

can only be said to IP undisturbed in a mechanical sense.

A new principle of electronic switching using flowing ion clouds has

been devised as a consequence of this work. The expanding ionized gas,

including the shock itself when sufficiently ionized, may be used as a

moving shorting bar to close a circuit between a pair of electrodes which

remain inactive until the advent of the ion cloud. A number of such cir-

cuits can be closed in sequence at intervals as short as a fraction of a

microsecond, the intervals being predetermined. Control over the time

scale factor of the sequence of events can be had by external control of

the speed of the ion cloud. By addition of sufficient energy to the gas

at each extra electrode, the discharge might be made self--perpetuating.

The device possesses considerable engineering potentialities.

It has been observed that any process which introduces disorganization
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into the expansion prmotes a more rapid decay of the luminosity, and

probably of the ion concentration. It is likely that improved design

of deionizing devices in circuit breakers may result from application

of this new knowledge. On the same basis, abbreviation of photoflash dis-

charges may be accomplished by suitable tube design.
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CHAPTER VI

CONCLUSIONS

As a general theory of the Rayleigh phenomenon accompanying expand-

ing spark discharges we propose that there are three phases to the life

history of a spark discharge. (1) Breakdown of the dielectric. A volt-

age in excess of breakdown is abruptly applied to the electrodes. A

luminous streamer of excitation traverses the tube from anode to cathode

in 10-7 sec or less, propelled in all probability by the photoionization

processes described by Loeb and Meek. We have observed this streamer and

estimated its speed. This streamer discharges the interelectrode capacitor,

and forms the region between electrodes into a plasma. (2) Discharge of

the capacitor. A brief dark time sets in while the main discharge current

is building up against the impedance offered by the circuit inductance. A

current of 10,000 amperes peak value discharges the capacitor in about two

to five microseconds (in our case). The discharge is brilliantly luminous.

(3) Gas expansion. Coincident with this current, and lasting for an interval

which may exceed it by a factor of as much as ten, an expansion of the hot,

highly excited gas takes place. The expansion is preceded by a shock which

is generally of sufficient strength to excite and ionize the gas it leaves

behind. The shock is followed by an afterflow of products ot the discharge

which many lines of evidence indicate to be an active seat of exciting

processes, probably electron collisions. The afterflow is brilliantly

luminous. During all these processes the gas is believed to preserve a

Maxwell-Boltzman distribution and the expansion is thought of as a

succession of equilibrium states because the long range Coulomb forces

between the ions promote rapid attainment of equilibrium. Conditions in

the afterflow are highly suggestive of a stellar atmosphere.
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